We previously have shown that the highly conserved eightprotein exocyst trafficking complex is required for ciliogenesis in kidney tubule cells. We hypothesized here that ciliogenic programs are conserved across organs and species. To determine whether renal primary ciliogenic programs are conserved in the eye, and to characterize the function and mechanisms by which the exocyst regulates eye development in zebrafish, we focused on exoc5, a central component of the exocyst complex, by analyzing both exoc5 zebrafish mutants, and photoreceptorspecific Exoc5 knock-out mice. Two separate exoc5 mutant zebrafish lines phenocopied exoc5 morphants and, strikingly, exhibited a virtual absence of photoreceptors, along with abnormal retinal development and cell death. Because the zebrafish mutant was a global knockout, we also observed defects in several ciliated organs, including the brain (hydrocephalus), heart (cardiac edema), and kidney (disordered and shorter cilia). exoc5 knockout increased phosphorylation of the regulatory protein Mob1, consistent with Hippo pathway activation. exoc5 mutant zebrafish rescue with human EXOC5 mRNA completely reversed the mutant phenotype. We accomplished photoreceptor-specific knockout of Exoc5 with our Exoc5 fl/fl mouse line crossed with a rhodopsin-Cre driver line. In Exoc5 photoreceptor-specific knock-out mice, the photoreceptor outer segment structure was severely impaired at 4 weeks of age, although a full-field electroretinogram indicated a visual response was still present. However, by 6 weeks, visual responses were eliminated. In summary, we show that ciliogenesis programs are conserved in the kidneys and eyes of zebrafish and mice and that the exocyst is necessary for photoreceptor ciliogenesis and retinal development, most likely by trafficking cilia and outer-segment proteins.
Cilia are thin rod-like microtubule-based organelles, which are found on most mammalian cell types. Cilia can be classified as either motile or non-motile (more commonly referred to as primary) cilia. Motile cilia function mainly as motor organelles, and primary cilia are mainly sensory organelles (1) (2) (3) . Dysfunction of primary cilia results in human disorders, termed ciliopathies. Ciliopathies, such as Bardet-Biedl, Joubert, Meckel-Gruber, and Senior-Loken syndromes, affect multiple organs, resulting in central nervous system malformation, cystic kidney disease, and retinal dystrophy (4 -6) . Zebrafish models for several ciliopathies, including cep290, cc2d2a, inpp5e, ift57, ift88, and ift172, have kidney and retina phenotypes that suggest a common mechanism underlying these defects (7) (8) (9) (10) . An open question is whether primary ciliogenic programs, such as exocyst-related ciliary trafficking, are conserved across organs and species. Here, we build on our previous data on exocyst-dependent renal ciliopathy and extend this to retinal ciliopathy, comparing zebrafish and mice.
The vertebrate retina is organized into three distinct laminae: the outer nuclear layer (ONL), 2 the inner nuclear layer (INL), and the ganglion cell layer. The photoreceptor cells in the ONL have a specialized morphology consisting of an inner and outer segment that is linked by a connecting cilium and are highly polarized and light-sensitive cells. The inner segment, where protein synthesis occurs, is connected by the cilium to the outer segment, which consists of a microtubule-based axoneme and membrane disc stacks containing opsin required for phototransduction (11) (12) (13) . The photoreceptor outer segment is considered to be a modified cilium (12) (13) (14) .
Zebrafish are vertebrates, and zebrafish eyes are well laminated structures that are functionally very similar to the eyes of other vertebrates, including humans. Eye morphogenesis in the zebrafish starts at 11.5 h post-fertilization (hpf), and the eyecup is well-formed by 24 hpf. By 48 hpf, most of the retina is subdivided into its characteristic sublaminae (14) . The connecting cilia and basal body in the inner segment are observed at 50 hpf, and the outer segment is visible by 54 hpf. The first visual responses can be elicited around 70 hpf, and photoreceptor cells reach adult size by 576 hpf (24 days) (14, 15) .
In mice, eye development begins at embryonic day 8 (E8), and evidence of retinal development is seen at E13.5. At about the same time, E13, rod photoreceptor cells can be observed, with the peak production of rod photoreceptors occurring at postnatal day 1 (P1). In contrast, cone photoreceptors are all generated between E12 and E18. At birth, these newly formed photoreceptor precursors occupy the distal half of the retina forming a mantle of poorly differentiated cells. By P10, the differentiating photoreceptors have migrated into the ONL, after which they start their final process of maturation, the growth of the outer segment, and the establishment of functional synapses within the outer plexiform layer (OPL). Formation of the OPL, a layer of synapses between dendrites of bipolar and horizontal cells from the inner nuclear layer, and photoreceptor terminal axons from the ONL, is complete by P14 (16) .
All cells in the retina are ciliated; however, here we paid particular attention to photoreceptor cells. In photoreceptor cells, vesicles containing proteins that are destined for the outer segment traffic from the trans-Golgi network (TGN) to the base of the connecting cilium via vesicular transport (17) (18) (19) . The connecting cilium therefore plays a critical role as the bridge between the inner and outer segments. One of the central proteins implicated in vesicular trafficking from the TGN to the cilium in photoreceptors is the small GTPase, Rab8 (20) . Disruption of Rab8 in Xenopus photoreceptor cells blocks rhodopsin-bearing post-TGN vesicle trafficking and results in abnormal accumulation of rhodopsin carrier vesicles at the base of the connecting cilium. Rab proteins perform functions through downstream effectors, such as the exocyst, a highly conserved eight protein trafficking complex (17, 19) .
We previously demonstrated that the exocyst is required for ciliogenesis in canine renal tubule cells, due to its role in targeting and docking vesicles carrying ciliary proteins (21) . We also showed that Cdc42, another small GTPase, localizes the exocyst to the primary cilium and biochemically and genetically interacts with exocyst complex member Exoc5 (also known as Sec10) (22) . Interestingly, we found in zebrafish, using antisense morpholinos, that knockdown of exoc5 resulted in small eyes (23) and knockdown of cdc42 led to small eyes and loss of photoreceptor cilia (24) and that exoc5 and cdc42 seemed to act synergistically in ocular and retinal development (25) .
Here, we describe the role of exoc5 in eye development using mutant exoc5 zebrafish, photoreceptor-specific Exoc5 mouse knockouts, histology, immunohistology, and transmission electron microscopy (TEM). These data show that there exists a conserved ciliogenic program across species and organs.
Results

Zebrafish exoc5 mutants exhibit a ciliopathy phenotype and activation of the Hippo pathway
We previously showed that antisense morpholino knockdown of exoc5 (also known as sec10) in zebrafish is associated with ciliary defects, including upward tail curvature and cardiac malformations as well as smaller eyes and increased cell death in the retina, the latter suggesting that exoc5 plays a critical role in retinal cell development and maintenance (23) . Given the concerns about off-target effects of morpholinos in experiments designed to further characterize the physiologic role of exoc5 in retinal cell development and homeostasis, we utilized an exoc5 mutant zebrafish line from the Zebrafish International Resource Consortium (ZIRC), exoc5 sa23168. By sequencing of the mutants, we first confirmed that a single point mutation (CGA3 TGA) at codon 377 led to a premature stop codon (Fig.  1, A and B) , which previously had been shown to result in a truncated (at amino acid 376) and non-functional Exoc5 protein. By light microscopy, we observed that the gross phenotype of exoc5 mutants was similar to other zebrafish mutants or morphants with defects in cilia formation and function (26, 27) . At 3.5 dpf, all exoc5 mutants had an upward tail curvature, smaller eyes, pericardial edema, and hydrocephalus (Fig. 1, D and F), when compared with wild-type (WT) siblings (Fig. 1, C and E). The morphologic phenotype was consistently observed in ϳ25% of the progeny from crosses of heterozygous parents as would be expected for Mendelian inheritance of a recessive mutation, with exoc5 mutants surviving to at least 4 dpf. By Western blot analysis, we confirmed that Exoc5 protein was undetectable in exoc5 mutant larvae, when compared with their WT siblings (Fig. 1G) .
The exocyst is thought to act as a holocomplex, and we previously showed that knockdown of Exoc5 in MDCK cells resulted in the disruption of the exocyst and loss of other exocyst complex members, most likely by degradation in the proteasome, as the exocyst complex disintegrates in the absence of Exoc5 (21) . To confirm this observation in vivo, we probed for Exoc4 protein expression in the exoc5 mutants. Wild-type 3.5 dpf larvae showed strong expression of Exoc4 protein. In contrast, knockout of exoc5 resulted in significantly depleted levels of Exoc4 protein (Fig. 1G) . Interestingly, knockout of exoc5 resulted in an increase in Mob1 phosphorylation (pMOB1), consistent with activation of the Hippo pathway (Fig. 1, G and H), a pathway known to be involved in restraining organ growth (28, 29) .
To confirm that the ciliary defects observed in exoc5 mutants were caused specifically by loss of exoc5, we performed rescue experiments by injecting wild-type human EXOC5 mRNA into control and exoc5 mutant embryos at the 1-2-cell stage. At 3.5 dpf, we found that low dose (100 pg) reconstitution of EXOC5 mRNA, in exoc5 mutant embryos, partially rescues the heart and eye phenotype, whereas high dose (250 pg) EXOC5 mRNA fully rescues the exoc5 mutant phenotype (Fig. 1I) . To ensure
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that the loss of exoc5 was causing the phenotype, another exoc5 mutant, using CRISPR gene editing, was generated, and the resulting phenotype was observed to be virtually identical to the exoc5 mutant phenotype described above, as well as to our previously described exoc5 morphants (supplemental Fig. 1 ) (23) . These data show that loss of functional Exoc5 protein in zebrafish leads to gross pathology indicative of ciliopathy in the heart, brain, and eye.
Knockout of exoc5 in zebrafish results in early retinal phenotypes
Histologic analysis was completed to examine retinal morphology in exoc5 mutant zebrafish larvae at 3.5 dpf. In transverse sections, all exoc5 mutants exhibited smaller eyes and abnormal retinal lamination (Fig. 2, A and B) . Interestingly, the photoreceptor/ONL layer in exoc5 mutants was incompletely formed and severely disorganized (Fig. 2, A and B) . Disorganization and lack of photoreceptor outer segments was more obvious by TEM of exoc5 mutant larvae at 3.5 dpf. In WT siblings, cone photoreceptor outer segments extended toward the retina pigmented epithelium (RPE) in a parallel and organized manner and exhibited well-stacked discs in the outer segments (indicated by white arrows in Fig. 2C ). In contrast, the cone outer segments in exoc5 mutants were significantly fewer in number, shorter in length, and disorganized (Fig. 2D) . Such abnormalities were never observed in retinal sections of WT siblings. Taken together, these results indicate that eye development, proper retinal lamination, and outer segment morphogenesis requires exoc5 function.
Loss of exoc5 results in shorter photoreceptor outer segment length and loss of cilia in zebrafish
We next used immunohistochemistry to determine whether localization and trafficking of photoreceptor outer segment proteins occurred normally in exoc5 mutants. At 3.5 dpf, rhodopsin localized normally to the rod outer segments of WT fish (Fig. 3A) . In exoc5 mutants, rudimentary outer segment localization of rhodopsin was observed, together with some rhodop- A and B, chromatograms of Sanger sequencing reactions of wild-type (WT) and homozygous exoc5 mutant (exoc5 Mut) zebrafish. C-F, lateral view of representative WT (C and E) and exoc5 homozygous mutant (D and F) zebrafish at 3.5 dpf. exoc5 mutants showed cilia defects, which included the following: *, hydrocephaly; **, smaller eyes; ***, pericardial edema and tail curvature. Scale bars, 0.268 mm (C and D) and 0.1 mm (E and F). G, Western blot analysis of WT and exoc5 mutant zebrafish larvae. Exoc5 mutants showed loss of Exoc5 and Exoc4 proteins and up-regulation of active phosphorylated mob1 (pMOB1) protein, at 3.5 dpf. Protein lysate was isolated from n ϭ 3 zebrafish larvae, and all the protein lysate was loaded onto each gel lane. H, quantification of phosphorylated Mob1 protein in WT versus exoc5 mutants (KO). p ϭ 0.023. I, injection of wild-type human EXOC5 mRNA rescues the exoc5 mutant phenotype in zebrafish. This experiment was repeated twice, and a total of 120 rescued embryos were studied.
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sin being mislocalized to the inner segments (Fig. 3B) . To quantify the lengths of the outer segments, we used rhodopsin immunoreactivity as a surrogate, determining the extent of rhodopsin staining along the proximal-distal axis of the outer segments. In WT siblings, outer segments were 7.9 Ϯ 0.45 m in length (n ϭ 20 embryos, 130 outer segments), whereas exoc5 mutant outer segment were 3.2 Ϯ 0.23 m in length (60.5% shorter, p Ͻ 0.001; n ϭ 12 embryos, 60 outer segments) (Fig.  3G ). To determine whether these shortened outer segments correlated with cilia formation, we labeled retina sections with antibodies against acetylated ␣-tubulin, a marker that is required and sufficient to determine the presence of photoreceptor cilia (30) . Although retina sections in WT zebrafish showed the presence of cilia, we could not detect cilia in the retina sections of exoc5 mutants (Fig. 3, C and D) . We next examined cone morphology, the predominant photoreceptor cell type in the zebrafish retina, by immunolabeling with peanut agglutinin lectin (PNA-488), which labels the interphotoreceptor matrix surrounding cone outer segments and, to some extent, the retinal plexiform layers (31) . Peanut agglutinin lectin staining revealed that the exoc5 mutant cone outer segments were significantly shorter (5.8 Ϯ 0.33 m in WT versus 2.2 Ϯ 0.24 m in mutants; p Ͻ 0.001), disorganized, and misshapen ( Fig. 3 , E, F, and H). Additionally, the number of cone outer segments was significantly fewer in number in exoc5 mutants compared with WT siblings (Fig. 3 , E and F), which suggested that loss of exoc5 results in defective cone outer segment morphogenesis. These data demonstrate that exoc5 is indispensable for cilia and subsequent photoreceptor outer segment formation in zebrafish.
Conditional Exoc5 knock-out mice show defects in photoreceptor development
Photoreceptor-specific knockout of Exoc5 in mice was accomplished by crossing the Exoc5 fl/fl mouse line, which we made using embryonic stem (ES) cells from the European conditional mouse mutagenesis (EUCOMM) consortium (clone In exoc5 homozygous mutants, retinal lamination was lost, and the photoreceptor outer segments (arrows; photoreceptor layer (PRL)) were disorganized and not readily detectable. C and D, ultrastructural analysis of WT and exoc5 mutant photoreceptors using transmission electron microscopy. C, WT photoreceptors showed tightly stacked disc membranes (arrows) and inner segments; D, in exoc5 mutants only remnants of outer segments (arrows) could be observed. Scale bars, 2 m (C and D). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; RPE, retinal pigmented epithelium. 
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number DEPD00521_3) (32) , with a rhodopsin-Cre driver line. The conditional target mouse line, designated as Exoc5fl/fl; Rho-Cre ϩ , was confirmed by PCR-based genotyping (supplemental Fig. 2 ). Histologic analyses in frozen sections of retinas from WT and Exoc5 fl/fl;Rho-Cre ϩ mice revealed severe thinning of the outer retina in postnatal day 30 (P30) mice (Fig. 4B) , when compared with WT animals (Fig. 4A ). Disorganization and lack of photoreceptor outer segments were more obvious by transmission electron microscopy of conditional Exoc5 knock-out animals. In WT siblings at P30, photoreceptor outer segments extended toward the RPE in a parallel and organized manner, giving a palisade pattern (Fig. 5, A and C) . In contrast, the photoreceptor outer segments in Exoc5 fl/fl;Rho-Cre ϩ mice were significantly fewer in number, shorter in length, and disorganized (Fig. 5, B and D) . We further examined the structure of the photoreceptor sensory cilium components in WT and Exoc5 fl/fl;Rho-Cre ϩ retinas. The stacks of nascent discs were organized and were oriented perpendicular to the long axis of the axoneme that extended from the basal body and transition zone in WT mice (Fig. 5E ). In contrast, we did not observe connecting cilia components in Exoc5 fl/fl;Rho-Cre ϩ retinas (Fig. 5F ). Taken together, these results indicate that outer segment morphogenesis requires Exoc5 function, and Exoc5 is necessary for photoreceptor ciliogenesis in mice.
Altered photoreceptor outer segment protein targeting and levels in Exoc5 fl/fl;Rho-Cre؉ mice
In WT mice, rhodopsin was localized specifically to the outer segments by P30 (Fig. 6A) . In contrast, Exoc5 fl/fl;Rho-Cre ϩ mouse retinas exhibited significantly decreased levels of rhodopsin, and the rhodopsin was not specifically localized to the outer segments (Fig. 6B) . Indeed, in Exoc5 fl/flRho-Cre ϩ mice, rhodopsin was aberrantly distributed to the inner portion of the ONL (cell bodies), as well to the inner segments of photoreceptors, indicating a defect in cilia trafficking (Fig. 6B ). As we did for zebrafish retinas, rhodopsin immunoreactivity along the axis of the outer segment was used to document a shortened outer segment length in mutant mice (Fig. 6G ). Photoreceptor degeneration, as indicated by a thinning of the ONL, was observed in retinas from Exoc5 fl/fl;Rho-Cre ϩ mice by P30, a time at which the ONL was only ϳ2-3 cells thick (Fig. 6, A-F) . To determine whether this ONL cell loss correlated with an absence of cilia, we labeled retinal sections with antibodies against acetylated ␣-tubulin. Although many cilia were detected in retinal sections in WT animals throughout the ONL, no cilia were seen in the retinal sections of Exoc5 fl/fl; 
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Rho-Cre ϩ mice at P30 (Fig. 6, C and D) . Cone morphology was examined by immunolabeling with anti-red/green cone opsin antibody. Cone opsin staining revealed the presence of long and well-organized cone outer segments in WT mice, whereas Exoc5 fl/fl;Rho-Cre ϩ mouse cone outer segments were significantly shorter and appeared disorganized and misshapen (Fig.  6, E, F, and quantified in H) . These results demonstrate that Exoc5 is crucial for cilia and rod photoreceptor outer segment formation in mice. Effects on the survival of cones in the Exoc5 fl/fl;Rho-Cre/ϩ mice are predicted to be due to the known survival effect of rods on cones (33) . To confirm the photoreceptor-specific knockout, Ai14 Cre reporter mice that harbor a loxP-flanked STOP cassette preventing transcription of a CAG promoter-driven red fluorescent protein variant (tdTomato), congenic on the C57BL/6J genetic background, were then mated to Exoc5fl/fl mice, so the tdTomato expression in a cell indicates Exoc5 has been inactivated by Cre. No tdTomato expression was seen in tdTomato Exoc5fl/fl mice (Fig. 6I) , whereas tdTomato expression was seen in heterozygous tdTomato Exoc5fl/ϩ;Rho-Cre/ϩ mice, which had normal photoreceptor and outer segment histology (Fig. 6J) , and tdTomato expression was also seen in homozygous tdTomato Exoc5fl/fl;Rho-Cre/ϩ mice, which had markedly abnormal photoreceptor histology and minimal outer segment formation (Fig. 6K) . To correlate retinal structure with function, ERG responses were analyzed under dark-adapted scotopic conditions to determine rod photoreceptor function (Fig. 7, A and B) , as well as under photopic conditions after light adaptation to determine cone function (Fig. 7C ) in Exoc5 fl/fl, Exoc5 fl/ϩ, Exoc5 fl/ϩ;Rho-Cre ϩ (control), and Exoc5 fl/fl;Rho-Creϩ (photoreceptor-conditional knock-out mutant) mice. At 30 days of age, both rod a-and b-wave amplitudes were significantly reduced (ϳ50 -60%) across the spectrum of light intensities recorded (Fig. 7, A and B) . A repeated measure ANOVA revealed an amplitude by genotype interaction (a-waves, p Ͻ 0.0001; b-waves, p Ͻ 0.0001). A post hoc ANOVA determined that this difference was driven entirely by the Exoc5 fl/fl;Rho-Cre ϩ mice; the three control groups had a-and b-wave amplitudes that were indistinguishable from each other (a-waves, p Ͼ 0. 
All visually evoked responses for both rods and cones, however, were completely eliminated in the Exoc5 fl/fl;Rho-Cre ϩ by 42 days, and there was no significant difference in rod a-or b-waves or cones in a control group at 30 or 42 days (Exoc5 fl/fl; a-waves, p ϭ 0.88; b-waves, p ϭ 0.32; cones, p ϭ 0.64).
Discussion
We report two principal findings here, both of which are of great interest. First, we show that the exocyst, which is required for ciliogenesis in the kidney, is also necessary for ciliogenesis in the eye. Second, we report that the strikingly severe phenotype following knockout of Exoc5 translates across species, from zebrafish to mammals.
We had previously shown in MDCK cells that shRNA-mediated knockdown of Exoc5 inhibited ciliogenesis, led to increased cell proliferation, and resulted in low intracellular calcium levels that did not increase in response to fluid flow, all features consistent with polycystic kidney disease (PKD). Exoc5 overexpression in MDCK cells, however, resulted in longer cilia, with normal intracellular calcium levels and an enhanced response to fluid flow. Cell polarity was not grossly affected (21, 23) . These data demonstrated a critical role for the exocyst in renal ciliogenesis; however, the question of whether this pathway was conserved across different organs and species had never been tested in suitable animal models.
The exocyst is thought to function as a holocomplex that targets and docks vesicles carrying membrane-bound proteins from the trans-Golgi network (34) . PKD2, which encodes polycystin-2, is one of two genes that, when mutated, leads to autosomal dominant polycystic kidney disease, the most common ciliopathy, and the most common potentially lethal genetic disease to affect humans (6) . We have shown in the kidney that a major role of the exocyst is to traffic vesicles carrying ciliary proteins, such as polycystin-2, to the nascent primary cilium (21) (22) (23) (24) 35) . For example, polycystin-2 biochemically interacts with Exoc5 protein, co-localizes with the exocyst at the primary cilium in wild-type cells, and is mislocalized intracellularly following knockdown of Exoc5 (23) . Of note, many zebrafish cilia mutants are known to have a curly tail down phenotype; however, to our knowledge, the only other mutants with a curly tail up phenotype similar to our exoc5 mutants are the pkd mutants (23) .
It is well known that ciliary proteins are conserved across organs and species, but it has been an open question regarding the conservation of trafficking pathways needed to generate primary cilia. Indeed, in RPE cells, Nachury et al. (20) had identified ciliary Bardet-Biedl proteins, which together form the "BBsome," as being centrally involved in vesicular transport to the primary cilium (20) , although later work suggests that the BBsome is actually involved in exporting proteins from the cilium (36) . The fact that we show here that the exocyst regulates ciliogenesis in the zebrafish and mouse eye, as well as the kidney, indicates that at least some primary ciliogenic trafficking programs are conserved across species and organs. This also helps to explain why exocyst mutations in families can lead to both kidney and eye phenotypes. Joubert and Meckel's syndromes are ciliopathies that affect multiple organs, including the eye and kidney, and human families have recently been identified with exocyst mutations (37, 38) . Interestingly, mutations in the exocyst have also been shown to lead to optic nerve aplasia, which can result in retinal dysplasia (39) . Importantly, in three reports of human mutations of exocyst complex members, mutations in one allele were enough to result in disease (39 -41) . This dominant mode of expression could be a result of the mutation leading to gain-of-function, dominant-negative expression, haploinsufficiency, or loss-of-heterozygosity. It may also explain why more exocyst ciliopathies have not been found, as most ciliopathies, such as nephronophthisis, BardetBiedl, and ARPKD, are recessive in nature, and single allele mutations would not have been flagged.
The second important finding is the observation of a similar severe and striking retinal phenotype in both zebrafish and mice following knockout of Exoc5. Although it is formally possible that that the effect of Exoc5 loss in other tissues, such as the RPE, could influence the photoreceptor phenotype, we think that this is highly unlikely given the lack of tdTomato expression in tissue other than the photoreceptor cells in tdTomato Exoc5fl/ϩ;Rho-Cre/ϩ mice. Additionally, although tdTomato expression was seen in heterozygous tdTomato Exoc5fl/ϩ;Rho-Cre/ϩ mice, the phenotype was normal photoreceptor and outer segment histology (Fig. 6J) . tdTomato expression was also seen in homozygous tdTomato Exoc5fl/fl; Rho-Cre/ϩ mice, which had markedly abnormal photoreceptor histology and minimal outer segment formation. Thus, the genotype/phenotype expression was highly correlated. The development and maintenance of photoreceptor cells is known to be heavily dependent on functional ciliary intracellular trafficking. A major strength of this study is that we used two different animal models, zebrafish and mouse, each of which has specific advantages that can be exploited to investigate the role of the exocyst in photoreceptor and eye development. The data in zebrafish and mice presented here demonstrate that Exoc5 is required for photoreceptor outer segment development and that the deficiency of Exoc5 results in a lack of photoreceptor ciliogenesis and outer segment protein mis-localization, leading to photoreceptor cell loss and blindness by 6 weeks of age in mice. In zebrafish, we took advantage of the ability to easily rescue exoc5 mutants by injection of one-to two-cell stage embryos with human EXOC5 mRNA, confirming that the exoc5 mutant phenotype was specifically due to lack of functional exoc5. We were also able to show activation of the Hippo pathway in exoc5 mutants. We and others have linked the Hippo pathway to cilia and PKD (29, 42) , and activation of the Hippo pathway has also been shown to control organ size (28, 29) . Activation of the Hippo pathway could help explain the small eye phenotype that we saw in exoc5 mutant zebrafish. This would be an area ripe for therapeutic investigation, as there are many small-molecule modulators of the Hippo pathway, some of which have already been approved by the Food and Drug Administration (43) . The failure of outer segment development in exoc5 mutant zebrafish and conditional Exoc5 knock-out mice is almost complete and is likely due to a ciliary trafficking defect, as evidenced by mis-localization of outer segment protein to the inner segments, along with a lack of cilia formation. The effects of the rod-specific loss of Exoc5 on cone outer segment development are predicted to be due to the
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known survival effect of rods on cones (33) (e.g. PNA lectin localization from collapsed cone outer segments to the OPL and IPL has been observed in retina degeneration models (44)). Given the histologic severity of the phenotype, it is not surprising that, by ERG testing, the Exoc5 photoreceptor-specific knock-out mice were completely blind by 6 weeks of age.
In summary, we show here that exocyst-mediated ciliogenesis programs are conserved in both the kidney and eye and in both zebrafish and mice. We also show that the exocyst is essential for photoreceptor outer segment development and maintenance, most likely by trafficking ciliary proteins from the inner segments to the outer segment (Fig. 8) . The zebrafish and mouse Exoc5 knockouts described here could also be useful as animal models of retinal degeneration, upon which therapeutic compounds could then be tested. A, mRNA is generated by transcription in the nucleus, and proteins are translated from mRNA in the endoplasmic reticulum and then sent to the trans-Golgi network for packaging into vesicles for transport to their final cellular destination. Ciliary and outer segment proteins are found in vesicles that have a small GTPase, Rab8, on the surface, which binds to exocyst complex member Exoc6. Exoc6, bound to the vesicle containing the ciliary and outer segment proteins, then interacts with the central exocyst complex protein Exoc5, which, in turn, brings the vesicle to the rest of the exocyst, itself localized to the primary cilium by another small GTPase, Cdc42. B, when this ciliogenic pathway is perturbed, the result in a global zebrafish knockout of exoc5 is defects in multiple ciliated organs, including the eye. In mice with a photoreceptor-specific knockout of Exoc5, the result is retinal degeneration and blindness. Scale bar, 0.268 mm.
Experimental procedures
Materials
All chemicals, unless stated otherwise, were purchased from Sigma.
Animal approval
All experiments on zebrafish and mice were approved by the Institutional Animal Care and Use Committee (IACUC) of the Medical University of South Carolina, and they were performed in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Zebrafish husbandry
Adult zebrafish were maintained and raised in an Aquatic Habitats recirculating water system (Tecniplast, West Chester, PA) in a 14:10-h light/dark cycle. The exoc5 mutant zebrafish line was purchased from the Zebrafish International Resource Center (ZIRC, Eugene, OR: exoc5-sa23168). This exoc5 zebrafish mutant, contains a Cys 3 Thr point mutation at amino acid 377, resulting in a premature stop codon. The point mutation was verified by PCR and direct sequencing of both strands in both heterozygote adults and mutant larvae progeny. Genomic DNA from clipped fins, or whole 3.5 dpf zebrafish with phenotypes, was extracted in 50 l of 1ϫ lysis buffer (10 mM Tris-HCl, pH 8.0, 50 mM KCl, 0.3% Tween 20, 0.3% Nonidet P-40), denatured at 98°C for 10 min, and digested at 55°C for 6 h after 10 g/ml proteinase K was added, and the reaction was stopped at 98°C for 10 min. The PCR primers used were as follows: forward primer, 5Ј-CTATATAGACATGGAGCG-GCAAT-3Ј; reverse primer, 5Ј-CCAACAATTCCTCAC-CTTCC-3Ј. Sequencing was performed by Genewiz with the forward primer used for PCR (Genewiz, South Plainfield, NJ). The second mutant exoc5 zebrafish line was generated by Dr. John Parant in Core B of the UAB P30 Hepatorenal Fibrocystic Disease Core Center using CRISPR gene editing. The CRISPR mutation was identified as a 13-bp insertion in exon 4, leading to a frameshift and premature stop codon. To confirm the mutation, genomic DNA from clipped fins, or whole 3 dpf zebrafish with phenotypes, was extracted in 50 l of 1ϫ lysis buffer (10 mM Tris-HCl, pH 8.0, 50 mM KCl, 0.3% Tween 20, 0.3% Nonidet P-40), denatured at 98°C for 10 min, digested at 55°C for 6 h after 4 l of 10 mg/ml proteinase K was added, and the reaction was stopped at 98°C for 10 min. The PCR primers used were as follows: forward primer, 5Ј-CAAAGGTAGC-CTTCCAGCAC-3Ј; reverse primer: 5Ј-CCTCTGTCTCG-GGGTATTGA-3Ј. Sequencing was performed by Eurofins with the forward primer, 5Ј-TCCAGCATGTTTTTCTG-GTG-3Ј.
Mouse husbandry
Animals were kept in a 12-h light/dark cycle with food and water ad libitum. The generation and genotyping of our Exoc5 (also known as Sec10) fl/fl mice has been described previously (32) . The photoreceptor-specific conditional Exoc5 knock-out mice were generated by crossing Exoc5 fl/fl with rhodopsinCre ϩ mice (The Jackson Laboratory, Bar Harbor, ME) and are designated as Exoc5 fl/fl;Rho-Cre ϩ in this study. Exoc5 conditional mice were genotyped using the following set of PCR primers: forward primer, Fl-Exoc5 5ЈloxP#2F 5Ј-GCCTGTA-ACTCACAGAGATC-3Ј; reverse primer, Fl-Exoc5 5ЈloxP#2R 5Ј-GCTGGCATTCTAAGTCATGG-3Ј. Rho-Cre mice were identified using the following set of PCR primers: forward primer, 5Ј-TCAGTGCCTGGAGTTGCGCTGTGG; reverse primer: 5Ј-TTCAAAGGCCAGGGCCTGCTTGGC. To confirm the specificity of the Exoc5 knockout, Ai14 Cre reporter mice that harbor a loxP-flanked STOP cassette preventing transcription of a CAG promoter-driven red fluorescent protein variant (tdTomato), congenic on the C57BL/6J genetic background, were then mated to Exoc5fl/fl mice, so that tdTomato (red) expression in a cell indicates Exoc5 has been inactivated by Cre.
Mouse retina dissection, immunohistochemistry, and fluorescence imaging
P30 mouse eyes were enucleated and fixed by immersion in 4% paraformaldehyde in 1ϫ phosphate buffer (PBS) for 2 h at room temperature. Eyes were incubated in a sucrose gradient of 5% sucrose in phosphate buffer (SPB) for 15 min at room temperature, 15% SPB for 15 min at room temperature, 30% SPB for 1 h at room temperature, and overnight in a 70:30 v/v ratio of OCT/SPB solution (Tissue-Tek, Sakura Finetech, Torrance, CA) at 4°C. Eyes were then mounted in cyro-molds containing 70:30 v/v ratio of OCT/SPB solution and frozen on a dry-ice bath containing 100% ethanol. 12-m-thick sections were cut using a cryostat (Leica). Sections were air-dried for 24 h at room temperature and then subjected to immunohistochemistry. Blocking solution (1% BSA, 5% normal goat serum, 0.2% Triton X-100, 0.1% Tween 20 in PBS) was applied for 2 h in a humidified chamber. Primary antibodies were diluted in blocking solution as follows: 1D4 (1:100, Abcam, Cambridge, MA) and acetylated ␣-tubulin (1:1000; Sigma). Cones were stained with Alexa Fluor 488-conjugated peanut lectins (PNA-488, at 1:250, Molecular Probes, Eugene, OR). Conjugated secondary antibodies were purchased from Invitrogen Life Technologies, Inc., and used at 1:500 dilutions, and 4Ј,6-diamidino-2-phenylindole (DAPI; 1:1000) was used to label nuclei. Sections were mounted in Vectashield (Vector Laboratories, Burlingame, CA). Z-stack images were collected using a Leica SP8 confocal microscope (Leica, Germany) and processed with the Leica Viewer software.
Zebrafish immunohistochemistry and fluorescence imaging
3.5 dpf larvae were fixed using different protocols, depending on the primary antibodies being used. For ID4, lectin peanut agglutinin-conjugated Alexa Fluor 488 (PNA-488), Red/Green cone opsins, and acetylated tubulin samples were fixed in 4% paraformaldehyde in 1ϫ PBS at 4°C overnight. All samples were cryoprotected in 30% sucrose for 48 h. Cryosections (10 m) were cut and dried on frost-free slides at room temperature overnight. Blocking solution (1% BSA, 5% normal goat serum, 0.2% Triton X-100, 0.1% Tween 20 in 1ϫ PBS) was applied for 2 h in a humidified chamber. Primary antibodies and lectins were diluted in blocking solution as follows: 1D4 (1:100, Abcam, Cambridge, MA), PNA-488 (1:1000, Molecular Probes, Eugene, OR), Red/Green cone opsin (1:1000, MilliporeSigma,
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Billerica, MA), and acetylated-␣-tubulin (1:5000; Sigma). Conjugated secondary antibodies were purchased from Invitrogen Life Technologies, Inc., and used at 1:500 dilutions, and DAPI at 1:1000 was used to label nuclei. For whole-mount analysis of the kidney cilia, 36-hpf embryos were fixed in Dent's fixative (80% methanol, 20% dimethyl sulfoxide (DMSO)) overnight at room temperature. The next day, whole-mount immunostaining was performed as follows: embryos were rehydrated in a graded series of methanol, buffered in 1ϫ PBST (MeOH/PBST), washed for 15 min each at room temperature, and incubated in blocking solution (PBS, 1% DMSO, 0.5% Tween 20, 1% BSA, 10% normal goat serum) overnight at 4°C. Embryos were incubated with a mouse anti-acetylated ␣-tubulin primary antibody (1:500) diluted in incubation solution (PBS, 1% DMSO, 0.5% Tween 20, 2% normal goat serum) for a minimum of 36 h at 4°C. Embryos then were washed four times with incubation solution for 30 min each and incubated with a fluorophoreconjugated secondary antibody (1:1000) diluted in incubation solution overnight at 4°C. Following antibody staining, embryos were washed again with incubation solution and mounted on slides for imaging. Optical sections were obtained with a Leica SP8 confocal microscope (Leica, Germany) and processed with the Leica Viewer software.
Western blot analysis
Dechorionated zebrafish embryos at 3.5 or 4 dpf were homogenized in SDS sample buffer containing protease inhibitor mixture (Sigma) and phosphatase inhibitor (Thermo Fisher Scientific, Rockford, IL) to perform Western blot analysis. The homogenized lysates were boiled for 5 min at 95°C followed by centrifugation at 13,500 rpm for 20 min at 4°C, and the supernatants were collected and mixed with 3ϫ Laemmli sample buffer for the protein electrophoresis. The protein samples were separated on NuPAGE 4 -12% BisTris gels (Novex, Carlsbad, CA) and then transferred to a nitrocellulose membrane (Novex, Carlsbad, CA). The antibodies used in this study are as follows: rabbit polyclonal anti-Exoc5, which was described previously (21); mouse anti-Exoc4 (Enzo, Farmingdale, NY); rabbit anti-MOB1 and phospho-MOB1 (Thr-35) (Cell Signaling Technology, Inc.); and mouse anti-GAPDH monoclonal antibody (Sigma), all at 1:1000 dilution. Secondary antibodies were from Jackson ImmunoResearch and Thermo Fisher Scientific.
Exoc5 mutant mRNA rescue experiments
For rescue experiments of zebrafish exoc5 mutants, capped and polyadenylated mRNA of wild-type (WT) human EXOC5 was synthesized in vitro using the message machine kit (Ambion, Austin, TX). Two doses of WT EXOC5 mRNA (low, 100 pg or high, 250 pg) were injected, using a Sutter Instruments Microinject, into 100 embryos, at the one-to two-cell development stage. At 3.5 dpf, 12 randomly selected injected larvae were imaged and then individually genotyped by direct sequencing as outlined above.
Transmission electron microscopy
Control and exoc5 mutant larvae or WT and Exoc5 fl/fl;RhoCre ϩ mouse eyes (or eyecups) were fixed in a solution containing 2.5% glutaraldehyde, 2% paraformaldehyde, and postfixed with 2% osmium tetroxide. The fixed tissue was sectioned to obtain radial sections at 1 m and rinsed with cacodylate buffer (0.1 M), dehydrated through a graded ethanol series, and infiltrated with Epon resin. Samples were processed by the Electron Microscopy Resource Laboratory at the Medical University of South Carolina using a Jeol Transmission Electron Microscope (JEM-1400Plus).
Electroretinography
Electroretinography recordings on mice were performed according to published procedures (45) . Mice were darkadapted overnight, anesthetized using xylazine (20 mg/kg) and ketamine (100 mg/kg), and pupils were dilated with 1 drop each of phenylephrine HCl (2.5%) and tropicamide (1%). Body temperature was stabilized via a DC-powered heating pad held at 37°C. ERG recordings and data analyses were performed with the EPIC-4000 system (LKC Technologies, Inc.), using light stimuli with varying light intensities and wavelengths. Under scotopic conditions, responses to 10-s single flashes of white light (maximum intensity of 2.48 photopic cd-s/m 2 ) between 40 and 0 db of attenuation were measured. After light-adapting animals for 8 min with rod-saturating light (35) , UV-cone responses were tested using LED flashes centered at 360 nm at a single light intensity. Peak a-wave amplitude was measured from baseline to the initial negative-going voltage, whereas peak b-wave amplitude was measured from the trough of the a-wave to the peak of the positive b-wave.
Statistics
Results are presented as mean Ϯ S.D. for image analysis and means Ϯ S.E. of the mean for electroretinography. For pairwise comparisons, statistical significance was assessed using the two-tailed Student's t test. For ERG experiments, testing from the same animals over multiple light intensities and repeated measure ANOVA followed by Fisher's PLSD was used (StatView). For Western blot analysis, relative intensities of each band were quantified (densitometry) using ImageJ Software version 1.49 and normalized to the loading control. 
